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curity, THz-TDS offers a wide range of applications (see It can also be used for the detection of greenhouse gases 24 and monitoring of flora [13] . However, because water is 25 opaque to THz waves, the current challenge in atmospheric 26 THz technology is to overcome the high absorption of am-27 bient humidity, which can extinguish the THz radiation 28 over 1-m-long distances. There is thus a growing demand 29 for intense THz sources. An important requirement in 30 spectroscopy is also to cover large spectral bandwidths, in 31 order to collect as many molecular signatures as possible. 32 This Perspective article mainly focuses on THz spec-33 troscopy applications employing laser-based coherent 34 sources and detection techniques. After a review of laser-35 driven THz devices and their underlying physics, empha-36 p-1 the phase velocity of the THz wave. ZnTe crystals [30] 79 can radiate below 3 THz and offer conversion efficiency 80 around 3 × 10 −5 [30, 31] . As an alternative, LiNbO 3 crys- 81 tals have low THz absorption, higher nonlinear coefficients 82 and higher damage threshold. However, their linear dis- 83 persion is strong. Phase-matching conditions can then be 84 optimized by introducing a tilt angle in the pulse front 85 with a diffraction grating [32, 33] . Typical tilted-pulse- 86 front LiNbO3 THz sources (abbreviated TPF in Table 1 87 below) provide peak electric fields > 20 MV/m in the spec- 88 tral window ≤ 4 THz, with high conversion efficiencies 89 ≥ 10 −2 and > 15 µJ energies [32, 34, 35 ]. An attractive 90 alternative is the organic crystal DSTMS characterized by 91 nonlinear coefficients one order of magnitude larger than 92 LiNbO 3 and good phase-matching. With DSTMS, THz 93 electric fields of ∼ 0.4 GV/m have been generated [36] . 94 The emitters discussed so far supply a very limited 95 bandwidth of a few THz. Gas-plasma THz emitters over-96 come this limitation by offering bandwidths exceeding 40 97 THz. Two decades ago, THz pulses produced at moderate 98 laser intensities ∼ 10 14 W/cm 2 were created from single-99 color pulses ionizing air under an external strong bias field 100 [37]. A combination of two colors was rapidly proposed, 101 resulting in an increase of the THz energy by a factor 40 102 [38, 39] . Early works on this technique reported peak THz 103 fields of 15 MV/m, bandwidths as broad as 75 THz [40,41] 104 and ∼ 10 −4 conversion efficiencies. The standard two-105 color scheme focuses a fundamental (FH) laser pulse onto 106 a β-barium-borate (BBO) crystal placed before the focus 107 of a converging lens. The BBO crystal creates the second 108 harmonic (SH) field and both harmonics co-propagate to-109 wards a common focal spot. In air the resulting two-color 110 laser pulse ionizes O 2 and N 2 molecules at atmospheric 111 pressure close to focus. This creates an electron plasma, 112 called "air plasma", that produces a macroscopic current 113 leading to broadband THz emission.
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This technique has several advantages over conventional 115 THz sources: First, fs-broadband laser pulses generate ex-116 tended THz spectra. Second, high amplitude THz fields 117 close to the GV/m level can be produced without any risk 118 of damaging the source. Third, the regime of laser fila-119 mentation, reached through a local balance between Kerr 120 self-focusing and plasma generation [42, 43] Detection of intense THz waveforms and spectra.
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There are several ways to detect THz radiation coherently. damental laser field E ω and the low frequency field com-172 ponents can thus be described by
where χ (3) denotes the third-order susceptibility of air.
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So, the second harmonic intensity, which is the measured 175 quantity, is proportional to the THz wave intensity. To get 176 coherent detection, the AC bias voltage is synchronized at 177 half the laser repetition rate.
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Another detection technique is the spectral-domain in-179 terferometry (SDI), recently extended for THz field mea-180 surements [61, 67]. Conventional SDI employs a broad-181 band light source to illuminate a reference surface and a 182 sample, recombined in a Michelson interferometer [14] . In 183 the SDI THz variant, two optical probe pulses with a cer-184 tain delay are focused into a ZnTe crystal, overlapping 185 with the THz pulse to be measured. The delay is cho-186 sen such that the birefringence induced by the THz pulse 187 via Pockels effect is experienced by the second pulse only. 188 Then, the two probe pulses are sent into a spectrometer 189 and the THz pulse is retrieved from interference between 190 the two pulses. Alternatively, THz waves can also be de-191 tected indirectly by THz Radiation Enhanced Emission 192 of Fluorescence (THz-REEF) that amounts to extracting 193 spectral information on the THz pulse from the plasma 194 fluorescence [68] [69] [70] . Using two color filaments, Liu and 195 co-workers performed a THz remote sensing at a distance 196 of 10 m [69] . To end with, let us mention the potential use 197 of solid dielectrics to exploit their strong χ (3) coefficient. A 198 recent study demonstrated the first solid-state scheme for 199 THz coherent detection relying on electric-field-induced 200 SH generation by a thin layer of fused silica [71] . Four-wave mixing. This mechanism was proposed to 208 interpret the first experiments using two-color laser pulses 209 in air [38] . The polarization vector of the medium contains 210 nonlinear contributions that express in cubic power of the 211 electric field (Kerr effect), namely, P NL = ǫ 0 χ (3) E 3 L . This 212 nonlinearity mixes the two harmonics, resulting in the pro-213 duction of low frequencies. Ignoring spatial dependencies, 214 a two-color laser field can be modelled as
where I 0 is the pump intensity, τ j is the FWHM duration 216 of the jth harmonic (j = 1, 2), r = a 2 2 /a 2 1 is the SH/FH 217 intensity ratio with a 2 1 + a 1 2 = 1, and ϕ = ϕ 2 − ϕ 1 is the 218 relative phase between the two carrier waves. In the plane 219 wave approximation (τ j → +∞), the Kerr nonlinearity 220 produces a quasi-static component P dc NL ∝ a 2 1 a 2 cos ϕ as-221 similated to a THz emitter and maximum for in-phase 222 laser harmonics (ϕ = 0). Four-wave mixing is, however, 223 too weak to explain the observed THz field strengths [39] . 224 Recent experiments [72] showed that its signature is ac-225 tually present in the THz spectrum for intensities less 226 than the ionization threshold of air molecules ∼ 5 × 10 13 227 W/cm 2 . Nevertheless, Kerr contributions, including the 228 effect of delayed Raman scattering, are usually two to 229 p-3 three orders of magnitude lower compared to those coming 230 from photocurrents [74] .
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The photocurrents.
In that the electrons can tunnel out of the potential barrier.
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Ionization occurs near the extrema of E L (t) located at 245 times t n . The density of free electrons, N e , rises from the 246 gas density N a with the ionization rate W (t) [77] as
and it increases by successive steps δN n as N e (t) ≃ 248 n δN n H n (t − t n ), where the function H n (t − t n ) is close 249 to the Heaviside step function [73] .
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For a linearly-polarized laser pulse the current density 251 can be expressed in scalar form:
where ν c is the electron collision rate equal to a few ps −1 .
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Given the previous approximation on N e (t), the cur-254 rent J(t) can be divided into two distinct contributions, 255 J(t) ≃ J A (t) + J B (t) [73, 74] . J A (t) is the fast current 256 component that mainly describes generation of harmon-257 ics due to photoionization. J B (t) depends on the product 258 n δN n v f (t n ), where v f (t n ) denotes the electron veloc-259 ity at instant t n , and contains a low frequency component 260 responsible for THz emission. pulse. Ionization appears near the extrema of the laser 263 electric field, inducing peaks in the rate W (t) from which 264 N e increases steplike. Asymmetry in the two-color pulse 265 profile guarantees non-zero velocities v f (t n ) ∝ sin ϕ. The 266 low frequency component in J B (t) is maximum for rela-267 tive phases of π/2 between the two colors. This model has 268 been validated by experiments and 3D simulations [78] . A 269 single-color laser field generates almost no THz radiation. 270 With two colors, two orders of magnitude can be gained 271 in the THz energy yield as ϕ → π/2 [79] . The LC model 272 shows that THz fields can be enhanced by a judicious ar-273 rangement of the laser harmonics. A sawtooth profile can 274 achieve in theory the record conversion rate of 2% [49] . 275 THz pulse generation with uncommon frequency ratios of 276 1:4 and 2:3 has also been experimentally tested [80] . In 277 space, THz emission takes place along small angles deter-278 mined by phase-matching conditions and changes in the 279 refraction index due to plasma, depending on the length 280 of the plasma channel [81] . 281 
Plasma wakefields.
When the laser pump delivers 282 higher intensities > 10 15 W/cm 2 , other nonlinear mecha-283 nisms can act as frequency converter. This is the case of 284 plasma waves, for which Eq. (3) must be supplemented 285 by the Lorentz force and quadratic terms in J associated 286 to ponderomotive motions [82, 83] . Once ionized, the free 287 electrons are dragged by the laser field out of their equilib-288 rium position via the Lorentz force. This displacement of 289 charges forces the electrons to oscillate around ions in the 290 wake of the laser pulse at the electronic plasma frequency 291 ω pe = e 2 N e /ǫ 0 m e (ǫ 0 is the vacuum permittivity). This 292 frequency takes typical values between 20 and 60 THz for 293 densities between 10 17 and 10 18 cm −3 . However, it is not 294 guaranteed that, outside the created plasma, such fields 295 can be transmitted to a detector [84, 85] . This depends on 296 the plasma volume and geometry (e.g., the gradients), the 297 emissivity of which can also be controlled by playing with 298 the transverse laser polarization [87] . The ALTESSE Project.
The identification of ener-301 getic materials has become a major issue in dual research, 302 civil and military. A strong axis in this context concerns 303 the acquisition of spectral signatures of explosives or haz-304 ardous materials upon large distances. The French project 305 ALTESSE [88] (Air Laser-based TErahertz SpectroScopy 306 of Explosives) aimed at testing the nonlinear terahertz 307 spectroscopy from atmospheric plasmas. Dedicated sci-308 entific tasks consisted of (i) optimizing THz emission in a 309 Fig. 4 : Experimental device and ABCD detection system in transmission. SH (400 nm) is produced by a BBO crystal and focused with FH (800 nm) in the air by a lens (L). The THz radiation (blue stripes) from the plasma is filtered by a silicon wafer and collected by a set of off-axis parabolic mirrors. The delay line allows to probe the different instants of the THz pulse near the detection zone. The coupling between the focused probe beam and a high voltage module (HVM) creates a second harmonic in air detected by an avalanche photodiode (APD).
wide spectral window using two-color pulses; (ii) perform- Figures 5(e,f) detail the pre-348 ciseness supplied by this method to discriminate between 349 stereoisomers of the same molecule. Here we observe the 350 four characteristic peaks of the D-and DL-phenylalanine 351 at the same position with similar amplitude. These spec-352 tra, however, exhibit differences at low frequencies, which 353 demonstrates the ability of an ABCD-based broadband 354 THz spectroscopy to distinguish different isomers.
355
Ab-initio numerical calculations.
Computations 356 based on the density functional theory were conducted 357 using the code CASTEP (Cambridge Serial Total En-358 ergy Package [89] ). CASTEP performs calculations of 359 molecular crystal eigenmodes corresponding to the phonon 360 frequencies (or energies) in a simulated unit cell (60 361 atoms/cell). These data enable us to compare the calcu-362 lated phonon modes with the measured absorption spec-363 p-5 tal. As an example, figs. 5(c) and 6(a,b) show the absorption spectrum of thymine and of two explosives, PETN 
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